Abstract. Since European settlement Australian native rodents have experienced dramatic extinctions and declines. We investigated long-term population and distribution changes during 1981-2003, and known or potential causal factors of decline in the vulnerable New Holland mouse (Pseudomys novaehollandiae). We found that populations (n = 8) were extant for 1-6 years and were predominantly small, localised and extinction prone. High-density populations occurred after above-average rainfall but declined precipitously during drought. Wildfire resulted in the extirpation of some populations, while others survived in unburnt refugia. We propose that post-fire vegetation (3-7 years) contemporaneous with aboveaverage rainfall delivered productive habitat resulting in both a population irruption, and recovery after wildfire. Population declines occurred in drought periods. Recent trapping at 42 sites (2013-17) failed to record any New Holland mice. The species has not been recorded since 2003. Recovery is unlikely without intensive management, focussed on remnant or reintroduced populations, including protection from habitat fragmentation and inappropriate fire regimes. Prevention of extinction of the species throughout its southern range will require similar management strategies.
Introduction
Severe extinctions and declines of Australian mammals have occurred since European settlement (Burbidge and McKenzie 1989; Johnson 2006; McKenzie et al. 2007; Burbidge et al. 2008; Woinarski et al. 2014 Woinarski et al. , 2015 . Our understanding of how or why many species have declined is poor. The endemic conilurine rodents have been severely impacted, particularly in southern Australia, and more recently in northern Australia (Lee 1995; Smith and Quin 1996; Lawes et al. 2015; Wayne et al. 2017) . Of 49 conilurine rodent species, eight are extinct and 35 are in decline (Smith and Quin 1996; IUCN 2010) . Declines are high amongst Notomys (hopping mice) and Pseudomys (native mice) (Lawes et al. 2015) . Declines have been correlated with ecosystem productivity (rainfall), grazing and fire, factors that result in declines in vegetation structure and increased vulnerability to fox and cat predation (Dickman et al. 1993; Smith and Quin 1996; Lawes et al. 2015) .
Long-term studies of the dynamics of native rodents in Australian arid systems have found that rainfall has a significant impact on their distribution and population abundance (Dickman et al. 1999; Letnic et al. 2004 Letnic et al. , 2011 Dickman 2005, 2006; Greenville et al. 2009 ). Species such as the plains mouse (Pseudomys australis), and the sandy inland mouse (P. hermannsburgensis) increased in numbers following significant rainfall events and underwent population crashes during drought (Masters 1993; Southgate and Masters 1996; Dickman 2005, 2006; Letnic et al. , 2011 Greenville et al. 2009 Greenville et al. , 2012 . These population fluctuations related to increased food supply and resource depletion, respectively, impacting on reproduction and recruitment (Predavec 1994; Brandle and Moseby 1999; Letnic and Dickman 2006) .
In temperate south-eastern Australia, rodent population dynamics have been strongly associated with the structure and floristic composition of habitats and with fire regimes (Catling 1986; Fox 1996; Fox and Monamy 2007; Arthur et. al. 2012) . Different species recolonise recovering burnt areas at different rates and recovery has been related to variables such as fire intensity and species' habitat requirements (Newsome et al. 1975; Catling and Newsome 1981; Fox and McKay 1981; Fox 1982 Fox , 1983 Fox , 1990 Catling 1991) . The rate of recovery of vegetation, not time per se, has been proposed as the most important factor (Monamy and Fox 2000; Fox and Monamy 2007) . Rainfall and drought also impact population dynamics in temperate communities. For example, Lunney et al. (1987) found significant suppression of rodent populations for the full extent of an intense drought in eucalypt forest, while Recher et al. (2009) recorded a milder response at another site. While evidence of 'booms and busts' characteristic of arid-zone rodents have not been common, the rare Pilliga mouse (Pseudomys pilligaensis) did exhibit a population irruption following high rainfall before suddenly declining to a low density .
The New Holland mouse (Pseudomys novaehollandiae), an Australian endemic, is a burrowing species found in small, disjunct coastal populations in Queensland, New South Wales, Victoria and Tasmania (Menkhorst et al. 2009; Threatened Species Scientific Committee 2010) . The species occurs on vegetated sand dunes and in closed-open heathland, woodland and forest, and has a preference for floristically rich vegetation and habitat regenerating after disturbance, particularly fire (Braithwaite and Gullan 1978; Fox 1978, 1984; Kemper 1990; Wilson 1991 Wilson , 1996b Lock and Wilson 1999; Wilson and Laidlaw 2003; Wilson et al. 2005) .
The New Holland mouse is classified as Vulnerable under the national Environment Protection and Biodiversity Conservation Act 1999 as its geographical distribution (~420 km 2 ) is limited and it is facing a high risk of extinction (Threatened Species Scientific Committee 2010). In Victoria the species is considered to be critically endangered as it has been lost from six localities and its area of occupancy has declined by 45%, due to a combination of threats including altered fire regimes, habitat loss and fragmentation (Seebeck et al. 1996 ; Threatened Species Scientific Committee 2010).
Long-term research investigating the reproduction, population ecology and captive breeding of the New Holland mouse has been conducted in the eastern Otways since 1981; however, studies ceased in 2003 (Kentish 1982 (Kentish , 1983 Wilson et al. 1990; Wilson 1991 Wilson , 1994 Wilson , 1996a Lock and Wilson 1999, 2017; Lock 2005) . Trial reintroductions were undertaken in 2002 to develop techniques and protocols involving soft release from enclosed pens; however, studies on the species ceased after the trials (Tidey 2003; Gibson et al. 2004) . In 2013 it was evident that the status of the species in the region was unclear and required reassessment. The aims of this paper were thus to: investigate the species' current distribution and status compared with previous records, assess long-term population changes, and identify known or potential causal factors of decline to provide information for effective management and recovery.
Materials and methods

Study area
The study area was in the eastern Otway Ranges 100 km southwest of Melbourne, Victoria ( Fig. 1) . The area is predominantly public land including the Great Otway National Park and the Anglesea Heath, which is recognised for its high biodiversity values (McMahon and Brighton 2002) . The vegetation communities comprise a mosaic of eucalypt forests, woodlands, heathlands, and shrublands (Land Conservation Council Victoria 1985) . An area of 7500 ha was leased by Alcoa of Australia Pty Ltd for brown coal extraction.
The most extensive recent fire, the 'Ash Wednesday' wildfire (1983), burnt 40 000 ha, leaving a few small unburnt patches Anglesea G re a t O ce a n R d Ba ld Hil ls Rd ( Wilson et al. 1990 Trapping was undertaken using Elliott traps (33 Â 9 Â 10 cm) baited with a bait mixture of rolled oats, honey and peanut butter. Thirty traps were set for three nights in transect formation in lines of 10 at 10-15-m intervals at most sites. Species, sex, reproductive condition, body weight and body measurements were recorded for each individual animal.
Two cameras (Reconyx HC600 Hyperfire Passive Infrared) were established~100 m apart at 27 sites, for 1-5 weeks. Bait lures were not employed in order to avoid bias towards specific species. Cameras were set to high sensitivity with a 15-s interval between triggers and three images per trigger. They were secured vertically 0.2-1 m from ground level, and dense vegetation was cleared from the field of view. Photographs of individuals were identified to species level using reference photographs from the area and species descriptions (Van Dyck and Strahan 2008; Van Dyck et al. 2013) .
Assessment of long-term abundance trends at repeat trapping sites Long-term capture data were available for the New Holland mouse at nine sites ( G. radula, A. myrtifolia, A. serrulata, H. stricta, P. obtusangulum and trapping was then conducted annually during 1983-1988, 1991-1994 and in 1998 . After 1998 the Coalmine 17 site was destroyed by mining, while Coalmine 16 was surveyed in 2001 before it too was mined. Following the 1983 wildfire the New Holland mouse was captured at two sites east of the Anglesea River in low forest (Forest; F in Fig. 1 ) and woodland (Pipeline; P in Fig. 1 ) ( Table 1 ). The first captures of the species at the Forest site in 1985 were in a small unburnt patch~20 years after fire and at Pipeline (1985) (Gibson et al. 2004) . Recently, trapping was undertaken at the Forest site (October 2013 , March 2015 , and at the Pipeline site (April 2014 , May 2015 .
In 1991 the New Holland mouse was captured at a site east of the Anglesea River (Harrison north) ( Table 1 
Population dynamics and demographics at long-term repeat trapping sites (1981-2015)
The total number of individuals and total number of captures of males and females were recorded, and captures used to calculate trapping success at each trapping session as:
Trap success ¼ ðtotal captures=total no: of nightsÞÂ100:
The population trapability (average proportion of marked individuals captured daily) was calculated.
The number of individual animals (males and females) known-to-be-alive (KTBA), was calculated for each trapping session and to calculate population density.
where M i = the number of individuals captured at time i, and N i = the number of individuals captured previously that were marked, released, not captured at time i, but subsequently recaptured. The density (KTBA per hectare) was calculated for each trapping session and population changes assessed.
Survival duration was estimated as the number of months over which an individual was captured. The breeding season was determined from observations of reproductive condition of females (vaginal condition, nipples) and males (scrotal testes), the presence of juveniles (<14 g), and the gestation period (32-39 days) (Kemper and Wilson 2008) .
Fire history and rainfall patterns
The fire history at the New Holland mouse sites was acquired for time since last burn, number, area and type of burn; and the fire history of the major Ecological Vegetation Divisions was determined for area and percentage area burnt (Department of Environment and Primary Industry 2013, pers. comm.). Longterm rainfall data obtained from stations at Anglesea and Aireys Inlet were used to examine trends in annual and seasonal patterns (Bureau of Meteorology 2017).
Assessments of site-specific threats
Assessments of threats at the New Holland mouse sites were compared for the historical data and recent surveys. An estimate of the extent of fragmentation of sites was based on the habitat patch size delineated by roads or tracks. The presence of predators (fox, cat) together with human impacts (horse riders, or unaccompanied dogs) were based on site observations and camera results. The degree of threat was categorised as low or high.
Results
Summary of mammal survey results (2013-17)
In total, 352 mammal captures were recorded; however, the New Holland mouse was not captured at any site. The most commonly captured species were the southern bush rat (Rattus fuscipes), the swamp rat (Rattus lutreolus) and the agile antechinus (Antechinus agilis), with 186, 56 and 38 captures, respectively. The eastern pygmy possum (Cercartetus nanus) was captured at one site, photographed at one site, and observed in a nest at another. Twenty-two identifiable mammal species were recorded by cameras across 27 sites; however, there were no records of the New Holland mouse. The fox (Vulpes vulpes) was recorded at nine sites and the cat (Felis catus) at three sites.
Population dynamics of New Holland mouse at long-term repeat grid sites (1981-2015)
The New Holland mouse was present west of the Anglesea River on the Coalmine 16 grid between 1981 and 1982 at a density of 0.25-1 ha The New Holland mouse was consistently present on the Forest grid (1985-88) at a density of 0.25-2.25 ha -1 (Fig. 2) . The population increased in autumn and winter but declined in spring. Abundance ranged from 0.33 to 5.6 captures per 100 TN, and monthly KTBA from 1 to 9. A total of 99 captures (27 individuals) was recorded. The sex ratio (male : female) varied from female-biased (1.0 : 3.0) to male-biased (2.0 : 1.0) and males were not captured during July-September 1985, or January 1987 (Fig. 2) . No New Holland mice were captured in 1995 and 1998, or in 2013 and 2015 (Fig. 2) . Individuals captured in 2002 were from reintroductions ( Fig. 2) . At the Pipeline site 23 individuals were recorded (38 captures). New Holland mouse were present in low numbers between 1986 and 1988 and none were captured from November 1987 to 1988 (Fig. 3) . The sex ratio (male : female) varied from female-biased (1.0 : 3.0) to male-biased (2.0 : 1.0). No New Holland mice were captured in 2013 or 2015.
The New Holland mouse was trapped once or twice per session on the Forest and Pipeline grids and trapability was 0.5. Based on the capture of juveniles (January-March), pregnant and lactating females (December-January) and males with developed testes (November-January) the breeding season was December to January. The percentage of juveniles declined from 75% in the first breeding season to 50% in the second and 33% in the third.
At the Harrison North site five individuals were captured in 1991 and six (107 captures) in 1992. Density ranged from 4.0 to 6.0 ha -1 (January-April), then declined (Fig. 4) . The sex ratio (male : female) varied from female-biased (1.0 : 3.0) to malebiased (2.0 : 1.0). Juveniles were captured in January and February, indicating a breeding season from December to January. Reintroductions conducted in September 2001, and October and November 2002 resulted in the recapture of individuals (2001-02) (Fig. 5) . No New Holland mice were captured in 2013 and 2015 (Fig. 4) .
The density on the Flaxbourne Grids A-D (1995-2000) ranged from 0.1 to 13.0 ha -1 (Figs 5-8 ). The highest density was recorded in June-August 1995 followed by declines to <7 ha abundance (KTBA) of the New Holland mouse across the grids was maximal in 1995 (n = 72) and declined each subsequent year: 42 in 1996, 26 in 1997, 12 in 1998, 2 in 1999. In total, 57 males (574 captures) and 52 females (624 captures) were recorded with trap success of 4.65 per 100 TN. In all, 22% of individuals were trapped only once, 55% were trapped for 2-12 months, and only four individuals were captured for longer than two years. Juveniles were captured in March, and subadults during March to April, indicating that breeding occurred from December to January. No New Holland mice were captured in 2013 and 2015.
Threatening processes Fire history and rainfall patterns
All long-term New Holland mouse sites were burnt in the 1983 wildfire (Table 2) . Fuel-reduction burns were conducted subsequently on the Forest site (1993, 1998, 2011) , at the Pipeline site (2001) The long-term average annual rainfall was 664 mm (Fig. 9 ). Rainfall in 1982 (403 mm), the year before the 1983 wildfire, was the lowest recorded over a 36-year period (Bureau of Meteorology 2015) . Rainfall from one to eight months after the wildfire was higher than the monthly average (>80 mm), and in the first three years (1983-85) was greater than the annual mean. Above-average rainfall was recorded , while record levels of annual deficit and accumulative declines occurred during the 'millennium drought ' (1996-2010) (Fig. 9 ) (CSIRO and Bureau of Meteorology 2015). Between 2010 and 2013 annual rainfall was average; however, in 2014 and 2015 it was extremely low (Fig. 9) . Decline of P.novaehollandiae in south-east Australia Australian Mammalogy
Threats at long-term sites
The main threats and potential threats identified before 2003 were habitat clearing and fragmentation, inappropriate fire regimes and fox predation. This included fragmentation caused by agriculture (1850s), pine plantations (1920s), coal mining and infrastructure, e.g. aqueducts, reservoirs (1950s). Foxes were identified at all sites. During the recent surveys the potential threats were from historic clearing and habitat fragmentation, inappropriate fire regimes, introduced predators and human impacts, e.g. horse riding, off-leash dogs.
Discussion
Current status of P. novaehollandiae in the eastern Otways
The results of our recent surveys (2013-17) that failed to record the New Holland mouse were unexpected. The species was absent from seven extant sites (totalling 22 ha), even at sites that once supported high-density populations. The results are significant because they confirm that there have been no positive records of the New Holland mouse in the eastern Otways since 2002 when trial reintroductions of the species were undertaken (Tidey 2003; Gibson et al. 2004) . Additional surveys are required to assess other areas of suitable habitat to determine whether the New Holland mouse is no longer extant in the eastern Otways. A habitat-suitability model that identifies potential optimal habitat provides important information to focus surveys for any unidentified populations .
Population and demographic changes at trapping study sites -evidence of declines
The long-term population sites were established for specific studies into the ecology, life-history and reproduction of the species, not for long-term monitoring purposes. However, they have provided valuable information on the species' long-term population dynamics across the landscape. Most populations were small, isolated and fragmented, and persisted for a limited time, from one to six years. There was evidence of high proportions of residents at the sites.
A feature of the populations was seasonal fluctuations in abundance, with recruitment of subadults from early autumn resulting in population increases, while declines occurred from spring to summer. Studies of other populations have recorded increases in autumn and declines in spring (Pye 1991; Lazenby 1999; Wilson et al. 2005) . The declines may be related to increased stress during the breeding season, due to high energy requirements for gestation and lactation, and activities such as construction of burrows and nests (Lock and Wilson 2017) . If food is limited or foraging distances large then higher mortality may result from these stressors.
The Flaxbourne population exhibited a sudden decline following the peak population in 1995. It is unclear how long the 1 9 5 0 1 9 5 2 1 9 5 4 1 9 5 6 1 9 5 8 1 9 6 0 1 9 6 2 1 9 6 4 1 9 6 6 1 9 6 8 1 9 7 0 1 9 7 2 1 9 7 4 1 9 7 6 1 9 7 8 1 9 8 0 1 9 8 2 1 9 8 4 1 9 8 6 1 9 8 8 1 9 9 0 1 9 9 2 1 9 9 4 1 9 9 6 1 9 9 8 2 0 0 0 peak population density persisted for because no data were available before 1995. The peak and sudden decline was similar to that recorded for the species at Wilsons Promontory, Victoria, where populations attained maximum densities (~24 ha -1 ) before declining >50% (Wilson et al. 2005) . The species thus appears to exhibit a life-history pattern characteristic of r-selected species, where population irruptions and declines can occur; however, these are not common and the species occurs predominantly in low-density populations.
The population declines in the study area were related to the loss of adults before and during breeding, and either low breeding rates, smaller litter sizes or increased juvenile mortality, as evidenced by declines of juvenile captures (75 to 33%) (Lock and Wilson 2017) . Similarly, the high loss of animals was recorded before breeding at Wilsons Promontory (Wilson et al. 2005) . Overall, the population declines are indicative of significant pressures such as resource deterioration or high-level predation.
Impacts of fire regimes and rainfall patterns on population dynamics
The New Holland mouse was lost from the two Coalmine sites following the 1983 wildfire, and was not recorded at one site for 10 years and the other for 17 years, at which time the sites were destroyed by mining. No populations have been located at any other location west of the Anglesea River since then, providing evidence that the extensive wildfire may have resulted in the demise of other populations. The species did survive east of the Anglesea River, where it was first located in a small unburnt patch in 1985. The persistence of the New Holland mouse elsewhere in the landscape is likely to have been dependent on the presence of small unburnt refuges, of which there were very few.
The post-fire age of the vegetation at sites in the eastern Otways where the New Holland mouse has been captured ranged from 2 to 20 years. Overall, the 3-7 years post-fire age supported the highest density and may represent optimum habitat. Twentyyear-old vegetation appears to represent refugia following wildfire, and is unlikely to be optimum. Similar responses to post-fire succession have been found elsewhere for the species where maximum abundance was recorded between~2-8 years after fire, when floristically rich vegetation provides optimal food resources (Braithwaite and Gullan 1978; Fox and Fox 1978; Cockburn 1980 ). Significant differences recorded in the consumption of food items by the New Holland mouse between Victorian localities were related to successional age, together with floristic differences (Wilson and Bradtke 1999) .
There is now strong evidence that rainfall fluctuations have impacted the New Holland mouse populations in the region. At the Flaxbourne site, where abundance peaked following six years of above-average rainfall, and declined precipitously when rainfall was well below average, abundance was positively correlated with rainfall (Lock and Wilson 2017) . The recovery of the New Holland mouse populations at Forest and Pipeline after the 1983 wildfire benefitted from above-average monthly rain over the first eight months and annual rainfall for three years that resulted in rapid recovery of the vegetation (Wark et al. 1987; Wilson 1991) .
It is likely that the productivity of the vegetation in the early stages of post-fire regeneration, together with concurrent periods of above-average rainfall, contributed to the provision of favourable food resources and habitat for the New Holland mouse leading to population recovery (after 1983) and irruption (1995) . At the Flaxbourne site vegetation changes were recorded between 1995 and 2000 as the populations declined, including significant declines in vegetation density, species richness and diversity (Lock 2005) . The changes indicate a decline in vegetation growth and productivity after 1995, seven years after fire. This study highlights the complexity of interactions of fire, succession and rainfall patterns with the population dynamics of the New Holland mouse.
Similar population dynamics have been described for the Pilliga mouse, which exhibited a population irruption to a maximum density (~33 ha -1 ) following high rainfall, before suddenly declining to a low density of~2 ha -1 . During the irruption females had maximum reproductive success and ate significantly more protein-rich foods such as invertebrates (Tokushima and Jarman 2010) . Subsequently, they consumed a lower proportion of invertebrates, which was associated with declines in female reproductive success, survival and growth. There was evidence that the irruption of populations following high rainfall was also facilitated by a fire that occurred 22 months previously .
While the impact of wildfire on the New Holland mouse populations in the Otways was instantaneous and easily discernible the impacts of post-fire succession, rainfall and drought occur over a longer term, and their impact is difficult to predict. The identification of these factors and their interactions would not have been possible without the availability of longterm data.
Management implications for P. novaehollandiae in a drying climate
In south-west Victoria the wet decades of the 1950s and 1970s were followed by the significant 'millennium drought ' (1996-2010) (CSIRO and Bureau of Meteorology 2015) and rainfall is projected to decrease by 25-45% under high-carbonemission scenarios by 2090 (Hope et al. 2015) . This vulnerable species thus faces significant threats from climate change and modelling of rainfall changes on the distribution of the New Holland mouse predicted a decline of up to 50% (Brereton et al. 1995) .
It is unclear if the New Holland mouse is extant in the eastern Otways and it is likely that recovery will not be possible without reintroductions. There remains a need to implement habitat management either for recovery of remnant or reintroduced populations. There is an opportunity to mitigate threats with appropriate management such as prevention of fragmentation, establishment and protection of ecological linkages, baiting control of predators and implementation of evidence-based fire regimes.
Suitable habitat for the species is fragmented, with only 45% occurring in patches larger than 30 ha . Unsuitable fire ages may also contribute to fragmentation of the habitat for the species. Management to prevent further fragmentation either through clearing or inappropriate fire ages should be implemented, together with developing linkages between habitat and suitable succession ages (Driscoll et al. 2010) .
Although there is no direct evidence of fox or cat predation on the New Holland mouse, even a limited predation rate would be significant for declining small populations (Wilson and Wolrige 2000) . While general fox baiting currently occurs four times a year (Parks Victoria 2015) it is unclear to what extent foxes impact the New Holland mouse, or how effective baiting is in its habitat. The impacts of predators and predator control on the species require further study. Recent studies in the area have found that, after fire, fox occurrence increased in burnt patches, feral cat occurrence increased across the whole burn area, and the consumption of mediumsized mammals by foxes tripled (Hradsky et al. 2017) . Integrated management of predators and fire are thus strongly recommended.
Implementation of burning regimes to ensure access to appropriate age classes for persistence of the New Holland mouse populations needs to be given high priority. An increase in burning has been implemented since the 2009 Victorian Bushfires Royal Commission (Parliament of Victoria 2010). The increase in the annual rate of burning of heathlands between 1987 and 2008 (21 years) to the three-year period between 2009 and 2012 was 900%. Analyses of spatial and temporal fire history is required to determine whether burning has been at appropriate scales and in areas suitable for the species (Driscoll et al. 2010) . Comprehensive information of vegetation structure and floristics of optimal habitat to assess whether burning is achieving ideal results is available (Wilson 1991; Lock 2005) . It is important that the timing of burning takes into account the impacts of rainfall, and that burning not be undertaken during drought, as the likelihood of extinctions is significant.
While the New Holland mouse is considered to be critically endangered in Victoria, it may be more precarious than previously estimated. The recent trapping confirming the loss of this species from known locations means that regional extinction cannot be ruled out. Captive breeding and reintroductions of the New Holland mouse in the eastern Otways were implemented previously (Tidey 2003; Gibson et al. 2004; Lock 2005) . There is a need to reassess these programs and evaluate the likelihood of their success to improve the species' survival.
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